The unexpectedly strong 21cm absorption signal detected by the EDGES experiment suggests that the baryonic gas was colder at redshift z ∼ 17 than predicted in the standard scenario. We discuss a mechanism to lower the baryon temperature after recombination. We introduce a stable, negatively-charged particle with a non-negligible cosmological abundance, such that the universe remains charge-neutral but the electron and proton numbers are no longer equal. The deficit of electrons during recombination results in an earlier decoupling of the baryon gas temperature from that of the cosmic microwave background (CMB). This implies a smaller ratio of the gas and CMB temperature at z ∼ 17. The parameter space of the mechanism where the 21 cm absorption signal is significantly enhanced is probed by the CMB spectrum, cooling of stars and supernovae, and colliders. Nevertheless, we find viable regions corresponding to sub-eV or MeV-scale milli-charged particles, or to TeV-scale multi-charged particles.
The unexpectedly strong 21cm absorption signal detected by the EDGES experiment suggests that the baryonic gas was colder at redshift z ∼ 17 than predicted in the standard scenario. We discuss a mechanism to lower the baryon temperature after recombination. We introduce a stable, negatively-charged particle with a non-negligible cosmological abundance, such that the universe remains charge-neutral but the electron and proton numbers are no longer equal. The deficit of electrons during recombination results in an earlier decoupling of the baryon gas temperature from that of the cosmic microwave background (CMB). This implies a smaller ratio of the gas and CMB temperature at z ∼ 17. The parameter space of the mechanism where the 21 cm absorption signal is significantly enhanced is probed by the CMB spectrum, cooling of stars and supernovae, and colliders. Nevertheless, we find viable regions corresponding to sub-eV or MeV-scale milli-charged particles, or to TeV-scale multi-charged particles.
Introduction. The EDGES observation of the 21cm absorption signal [1] opens a new window on the early universe, during the so-called dark ages and cosmic dawn epochs, allowing us to test the standard ΛCDM scenario and place novel constraints on hypothetical particles and interactions beyond the Standard Model (SM). The amplitude of the signal is described by the formula [2, 3] 
where T γ is the temperature of the CMB radiation, T s is the spin temperature of the hydrogen gas describing the relative occupation number of the singlet and triplet states, and we used Ω b = 0.0449, Ω m = 0.3156 [4] . One expects that, during the relevant epoch, the spin temperature is coupled to the kinetic gas temperature: T γ T s T g for z ∈ [15, 20] . The standard ΛCDM scenario predicts T γ (17) ≈ 49 K, T g (17) ≈ 6.8 K [5] , which implies T 21 −0.2 K. On the other hand, EDGES finds T 21 ≈ −0.5 +0.2 −0.5 K, where the quoted uncertainty is 99% CL, which corresponds to a 3.8 σ deviation from the ΛCDM prediction.
From Eq. (1) it is apparent that the absorption signal observed can be enhanced either by modifying the CMB spectrum [6, 7] or by decreasing the baryon gas temperature at z ∼ 17. The latter can be achieved in the presence of interactions between baryons and dark matter (DM) [8, 9] , however concrete realization of that idea run into severe observational constraints [10] [11] [12] [13] . In this letter we pursue a different path to cooling the baryon gas during the dark ages. In the standard scenario, the baryon temperature decouples from that of the CMB around z ∼ 200 because the Compton scattering rate of CMB photons on * adam.falkowski@th.u-psud.fr † kpetraki@lpthe.jussieu.fr free electrons falls below the critical value. After the decoupling, the baryon gas cools faster with the decreasing redshift, as
The Compton scattering rate is proportional to the electron ionization fraction x e . Therefore, when x e is decreased compared to the standard evolution, the decoupling occurs earlier, and baryons are colder at the cosmic dawn.
In the standard scenario the number densities n e , n p of free electrons and protons are equal at all times, ensuring the charge neutrality of the universe. We propose that there exists another stable particle with a negative electric charge and with a non-negligible abundance (at least) around the time of recombination. Denoting our particle as X, and its electric charge − X , the charge neutrality condition becomes:
where x p ≡ n p /n B , x e ≡ n e /n B , r X ≡ n X /n B (more generally, r X = (n X − nX )/n B ), and n B is the baryon number density. The presence of the new charged component affects the ionization history. We will show that X r X 10 −4 leads to a significant suppression of x e after recombination. This, in turn, implies an earlier decoupling of the gas from the CMB photons, a smaller value of T g at the cosmic dawn, and thus a stronger 21 cm absorption signal.
Ionization fraction and gas temperature. We study the ionization history in a universe where n e = n p using the 3-level atom model [14] [15] [16] . In this approximation, recombination of hydrogen proceeds through the 2S and 2P levels, while higher excited levels are ignored. Furthermore, one assumes most of the baryons are in the form of protons and ground-state hydrogen atoms, n B ≈ n p + n H ≈ n p + n 1S , while helium and heavier elements are ignored. Finally, we assume the CMB is not affected by new physics, thus T γ (z) = T 0 (1 + z), T 0 = 2.725 K. Adapted to our case, the evolution equaarXiv:1803.10096v2 [hep-ph] 2 Apr 2018 tion for the ionization fraction takes the form
with α B (x) ≈ 9765.88 GeV We solve Eq. (3) together with the one describing evolution of T g [17] :
where the helium fraction is f He ≈ 0.08,
is the Thomson cross section, and a r = π 2 /15 is the radiation constant. Besides electrons, the X ions may also mediate photon-gas interactions that can heat up the gas. The ratio of the energy transfer by X over that by the electrons is
which turns out to be much less than 1 in the entire parameter space allowed by other constraints (cf. next section). We therefore neglect the energy transfer by X in our analysis. Moreover, we assume here that no other effect, such as baryon-DM scattering, significantly affects the baryon temperature.
We solve the system of Eq. (3) and Eq. (4) numerically for different values of X r X . The results are shown in Table I and in Fig. 1 . For the vanishing charge asymmetry, our approximations reproduce within 10% accuracy the baryon temperature obtained in fully-fledged simulations [5] , which is completely satisfactory for our purpose. Once X r X 10 −4 , x e becomes suppressed compared to the standard value (while x p is slightly enhanced), which accelerates the decoupling of the hydrogen gas and thus lowers the gas temperature at the cosmic dawn.
Constraints. We now discuss the constraints on a stable particle with mass m X and electric charge − X contributing X r X ∼ 10 −4 to the charge budget of the universe. We shall assume that no significant number of X antiparticles is present today (we comment on cosmological scenarios realizing this feature in the next section). Then, the contribution of the X species to the DM 
ϵX rX =3×10 density,
(5) We do not insist that X constitutes all of DM, and only require f X 1, which selects a viable region of the m X -X parameter space where the mass-to-charge ratio is small enough. Moreover, the CMB anisotropies impose Ω X 0.002 if the X particles are tightly coupled to the plasma, which occurs for
. Furthermore, independently of the cosmological history, there are stringent constraints from collider and beam dump experiments, and from cooling of stars and supernovae. Altogether, these constraints leave only small unexcluded patches in the X -m X plane, as shown in Fig. 2 . The viable possibilities are the following: 
Constraints on the parameter space of charged particles assuming they contribute X rX = 3 × 10 −4 to the charge budget of the universe. The constraints from millicharge particle emission in stars are taken from Fig. 1 [20] assuming the "fiducial" density profile. The collider constraints use the results from SLAC [21] , E613 [22] , LEP [23] , and LHC [24, 25] . On the blue line the energy density of non-relativistic particles X accounts for all of DM in the universe.
#1
A small region where m X ∼ (10-100) MeV, X ∼ 10 −6 , and X makes all or most of the DM.
#2 A region with 100 keV m X 10 MeV, where 10 −4 Ω X 2 × 10 −3 (f X < 0.008) and X few × 10 −5 to avoid the constraints from the SLAC millicharge experiment [21] . For m X ∈ [0.1, 100] GeV there are other allowed patches with similar properties passing just under the radar of collider experiments.
#3 A particle with large charge, 5 X 100 and large enough mass to avoid the current collider constraints, where again Ω X 0.002 (f X < 0.008).
#4 An ultra-light particle, m X eV, with a tiny charge, X 10 −14 , that evades the constraints from emission in stars.
Case #1 is the unique where the new particle could be the usual cold DM candidate, however it faces serious challenges. In Fig. 3 we show a magnification of the relevant parameter space, fixing the parameters to ensure f X = 1 and letting X r X vary. For a given mass, the CMB constraints yield an upper limit on X . Most of the remaining parameter space is excluded by the recent analysis of cooling of the supernova 1987A via emission of millicharge particles [20] . In that reference, constraints are derived under different assumptions about the density profile, and the one referred to as "fiducial" leads to the most conservative upper limit on X . Adopting that result leaves some allowed parameter space with X r X large enough to significantly affect the baryon temperature during the dark ages. On the other hand, other density profiles studied in [20] leave only the parameter space with X r X 10 −4 , which would have a limited impact on the baryon gas temperature (cf. Table I ). Moreover, in this window the photon-mediated elastic Xp scattering cross-section is, numerically,
This cross-section is large enough for the baryon gas to be cooled by scattering off the DM particles [13] , and this effect will dominate over that of the depleted electron number, unless the DM gas is hotter than in the standard scenario. All in all, for m X ∈ (10 − 100) MeV, our assumption of the charge asymmetry of X may be an unnecessary complication. 5. × 10
Constraints on the parameter space of O(10) MeV millicharge particles assuming they constitute all of DM. We show the CMB constraints (green) [18] , and the more (red) and less (light red) conservative limits from cooling of SN 1987A [20] . The labeled contours correspond to different values of X rX . Discussion. A successful cosmological scenario must (i) account for the separation of electric charge between X and the SM species, (ii) explain the absence of X antiparticles in today's universe, (iii) respect the upper bounds on the radiation density of the universe during BBN and CMB, and (iv) ensure that the X particles are sufficiently cold by the time of matter-radiation equality if f X ≈ 1. Here, we discuss how the above features may be implemented. Concrete particle physics realizations will be presented in a forthcoming publication.
The separation of charge may be achieved, in analogy to asymmetric DM [26, 27] contains fields that cascade down to X and carries electric charge −q, with q = 0. While δL asym conserves the total electric charge Q ≡ Q SM + Q X , it violates the linear combination A ≡ Q SM − Q X . It thus allows for the generation of a net number ∆A, which implies the partition of the electric charge into two sectors, ∆Q SM = −∆Q X = ∆A/2 [26] . A variety of mechanisms may be employed to create ∆A, such as out-of-equilibrium decays of heavy particles [28] , inelastic scatterings [29] , or the Affleck-Dine mechanism [30] . Depending on the charge assignments of the fields that participate in δL asym , a multi-level cascade of the electric charge down to the (millicharged) X particles may be necessary, and can be realized similarly as e.g. in Ref. [31] .
Case #1 is where a millicharged X makes a significant fraction of O(50) MeV DM, and thus important cosmological and astrophysical constraints apply. If the X species reaches chemical equilibrium in the early universe, then it must annihilate sufficiently, down to or below the observed DM density. The required annihilation cross-section is σ ann v rel f −1
The residual density of the X antiparticles decreases nearly exponentially as the σ ann v rel increases above the minimum required value, thus σ ann v rel need not be very large [32] . The X species may annihilate into e + e − pairs via an s-channel photon; however, the annihilation rate is inefficient. Sufficient annihilation may be ensured if the X particles couple to and annihilate into lighter dark photons. The cosmological abundance of the dark photons may be subsequently depleted via decay into e + e − pairs, if the dark photon mixes kinetically with the hypercharge gauge boson. The X annihilation into dark photons has to deplete the X antiparticle density below about 10 −4 of the X density, in order for the latetime residual annihilations to satisfy observational constraints [33, 34] . The coupling of X to the dark photon may also result in sizable DM self-scattering inside halos today that could explain current galactic structure observations [35] . In the considered mass range, the relic X population is evidently non-relativistic during BBN and recombination.
Case #2 is similar to case #1 if m X > 1 MeV, except that X makes up only a small fraction of DM, f X ∼ 10 −3 , thus any cosmological and astrophysical constraints are relaxed. In the window 100 keV-1 MeV, a freeze-in scenario similar to that described below for case #4 may be operative (but with the constraints on the dark sector temperature eliminated, due to the larger m X ). Case #3 requires a particle with an electric charge 5 X 100 and mass above ∼ 100 GeV. For such a large charge, the early universe cosmology poses some challenge. Besides the stringent constraints from light element formation [36, 37] , for X 1 practically all X particles would simply bind with protons, restoring n p = n e and thus invalidating our mechanism. To prevent that, we introduce an unstable but long-lived particle X decaying to X well after the BBN and before recombination, similarly as e.g. in Refs. [38, 39] . For Q X 1, X binds with protons before the BBN, which can be broken by the late decays if the energy imparted to X exceeds the binding energy. Note that X annihilation into SM particles via its photon coupling is Sommerfeldenhanced, and is sufficient to deplete the symmetric component before the X -p pairs form. One can also envisage more exotic realizations, e.g. the Q-balls of Ref. [40] shedding the baryon charge on a long time scale.
Case #4 deals with sub-eV particles with a tiny electric charge, X 10 −14 , that may or may not constitute all of dark matter. If X interacts very feebly and does not chemically equilibrate in the early universe, then the absence or sub-dominance of X antiparticles may be inherited from its production. For example, the X particles may be produced in the decays of a heavier species that carries the charge asymmetry at early times. The parent particles,X, may possess a variety of interactions that deplete their antiparticles efficiently. Provided thatX decays into X after the freezeout of its annihilation processes, no significant density of X antiparticles will be present today. This implies mX /T prod X 20, where we will allow for the temperature ofX at the time of decay to differ from that of the SM plasma, byξ ≡ TX /T SM . In addition, the momentum imparted to the X particles at their production has to be redshifted sufficiently at late times, to be consistent with conditions (iii) and (iv) above. The X particles are produced with momentum p prod X ∼ mX /2 (or lower, for a many-body decay mode), which red-
prod SM ) at later times. Given the condition on the T prod X mentioned above, we obtain p X 3ξ T SM , where we set indicatively (g * /g prod * ) 1/3 ∼ 1/3. If the parent particlesX were at a supercooled state with respect to the SM plasma at the time of their decay, such thatξ 10 −2 , then X particles with m X ∼ 0.1 eV may be non-relativistic by the time of matter-radiation equality (T eq ≈ 0.8 eV) and make up the DM of the universe (along the blue line in Fig. 2) . The same condition ensures that, if f X < 1 (left of the blue line in Fig. 2) , the X particles do not violate the constraints on extra radiation. Indeed, they contribute to the relativistic energy density of the universe by ρ X ∼ n X p X , where n X = (1+z) 3 r X Ω b ρ c /m p . Adopting the 1σ constraint from Ref. [4] , δN eff 0.334, we shall require that ρ X 0.05 T Finally, one may also envisage more exotic production mechanism leading to collective behavior of X, e.g. akin to the "fuzzy" DM models of Refs. [41, 42] .
Summary. We have presented a novel mechanism to lower the baryon gas temperature during the cosmological dark ages. Our idea relies on the presence of a new, stable, negatively charged particle contributing to the charge budget of the universe, such that n e = n p . The deficit of electrons during recombination results in an earlier decoupling of the baryon gas from the CMB, and thus a larger T γ /T g ratio at the cosmic dawn. The parameter space where the temperature ratio can be significantly enhanced is severely constrained by various measurements (distortion of the CMB spectrum, cooling of stars and supernovae, collider searches for exotic charged particles, etc.), cf. Fig. 2 . However, a few allowed regions remain, notably sub-eV millicharged particles with X 10 −14 , MeV-scale millicharge particles that may or may not make all of dark matter, or multicharged O(1) TeV particles. If this scenario is indeed responsible for the unexpectedly strong 21 cm absorption signal reported by the EDGES experiment, it can be tested in multiple ways. The baryon gas temperature is significantly affected already at z ∼ 200, cf. Fig. 1 , thus we predict a stronger absorption signal from the dark ages [43] . Searches for exotic charged particles in collider experiments (at low energies as well as at the LHC) have a potential to close most of the remaining windows in the parameter space. The X particles can also be searched in direct detection (especially in the millicharge case [44] ), and in cosmic rays (especially in the large charge regime [45] ). Moreover, for X 1, p-X pairs may be radiatively captured into atomic bound states inside halos today, thus producing detectable signals in the X-rays [46, 47] . Construction of complete, realistic models realizing our scenario and discussion of their observational consequences is postponed to future publications.
Aside from the anomaly in the EDGES result, the mere observation of the 21cm absorption signal can be interpreted as a constraint on new physics phenomena, e.g. on the annihilation cross section of dark matter [48] . In a similar fashion, our analysis can be re-interpreted as a bound on the cosmological abundance of new positively charged stable particles, as they would lead to a suppression of the absorption signal.
